Voltage flicker and harmonics are the power quality problems which are introduced to the power system as a result of nonlinear and stochastic behavior of the arc furnace operation. To analyze harmonic and flicker generated by an arc furnace, accurate arc furnace models are needed. In this paper, different arc furnace models with different level of complexity are reviewed.
Introduction
An AC arc furnace is an unbalanced, nonlinear and time varying load, which can cause many problems to the power system quality. An arc furnace load may cause unbalance, harmonics, inter-harmonics and voltage flicker.
To study the behavior of an arc furnace, it is required to develop an accurate three-phase arc furnace model for the purpose of harmonic analysis and flicker compensation. Since the arc melting process is a stationary stochastic process, it is difficult to make an accurate deterministic model for an arc furnace load.
The factors that affect the arc furnace operation are the melting or refining materials, the electrode position, the electrode arm control scheme, and supply system voltage and impedance. Thus, the description of an arc furnace load depends on the following items: arc voltage, arc current and arc length (which is determined by the position of electrode).
In general, the different methods for arc furnace modeling may be classified into the "time domain" and "frequency domain" methods.
The frequency domain analysis method represents the arc voltage and arc current by its harmonic components. Then a power system equivalent circuit for each frequency component is developed and the arc furnace modeled as a voltage source in the same frequency. The total system response is obtained from the superposition of system response in each frequency [1] . One of the requirements of the frequency domain analysis is to have some measured values for the arc voltage and current to obtain the harmonic voltage source model. So this modeling without measurement can not be used. In some references [2] - [4] , a harmonic domain solution method of nonlinear differential equation is developed. These equations express the relationship between the arc radius and arc current. These models use some experimental parameters to reflect the arc furnace operation. Because of these experimental and non accurate parameters, these models are not used widely.
Since the electrical arc is a nonlinear and time varying phenomenon, description of its behavior in the time domain is easier than in the frequency domain. Time domain methods are the basic methods for flicker study in electrical arc furnaces. Time domain methods can be classified into V-I Characteristic (VIC), and Equivalent Circuit Methods (ECM).
The ECM methods can be obtained from arc operation; the periodic variation of arc voltage and the resistance that arc shows can be used to develop the arc furnace model [1] . Too much simplification in developing the model may affect the accuracy of the model. The VIC methods are based on the V-I characteristic of arc furnace which is derived from the relationship between arc voltage and arc current using the V-I characteristics. This method is widely used for modeling the static and the dynamic operation of EAF.
In the first part of the paper, four different mathematical arc furnace models with different degree of accuracy is obtained from the V-I characteristics. Simulation results are also provided. Then, the dynamic behavior of the reviewed models for flicker simulation is discussed. Finally, a new time domain model for an arc furnace is presented. The new method is studied using MATLAB (Simulink). Figure 1 shows the actual V-I characteristics and its piecewise linear model an arc furnace [1] , [5] . The arc ignition voltage and the arc extinction voltage are determined by the arc length during arc furnace operation. 
Time Domain Static Models

A. Model1
The actual arc furnace model can be approximated by two linear equations. Let , be the slopes of the lines OA and AB. Thus, in this model the relationship between arc voltage and current for one cycle is expressed as, Figure2 shows the simulated V-I characteristic of model 1 using MATLAB (Simulink).
B. Model2
A more accurate non linear approximation model can be developed by considering part of the characteristics in more details. Figure 3 shows the simulated V-I characteristic of the nonlinear model 2 [1] . In this model, the arc melting process is divided into three sections. In the first section, the voltage magnitude increases from extinction voltage (4) Where , and are the corresponding slopes of each section, and
(5) Figure 3 shows the simulated V-I characteristic of model 2 using MATLAB (Simulink).
C. Model3
By examining the actual V-I characteristics of the arc furnace, in general the arc melting process can be divided into three periods. In this modeling some approximations are made according to these three periods, which are explained below: [6] , [7] In the first period, the arc begins to reignite from extinction. When the arc voltage increases to zero, the arc current also reaches its zero crossing point. As the arc voltage reaches to the reignition voltage , the equivalent circuit acts as an open circuit. However, a small leakage current exists, which flows through the foamy slag parallel with the arc. The foamy slag is assumed to have a constant resistance , and the reignition voltage is assumed to be proportional to the arc length. During the third period, the arc begins to extinguish. The arc voltage continues to drop smoothly, except a sharp change after the arc extinction. This process is also assumed to be represented by an exponential function with a time constant 2 τ . Following the above approximation, the EAF is modeled as a current controlled non-linear resistance and the V-I characteristics is shown in Fig 4. The mathematical representation of EAF are given by (6). 
The current-resistance curve is shows in Fig 5 . 
D. Model4
Another type of modeling and simplification of the actual characteristic is shown in Fig 6. [1] , [8] - [12] Since the arc voltage changes its polarity very fast, this model neglects the voltage rising time, which results in sudden change in the arc voltage when the arc current is at zero crossing. Thus the perfect cycle of VIC is expressed as,
Let " l " be the arc length, A and B are the coefficients from
Where reflects the arc furnace operating condition. To analyze flicker generated by an arc furnace, the dynamic arc furnace model is needed. To generate the dynamic behavior of the arc furnace using different models, the slop of the V-I curve in figure 1 should be changed as a sinusoidal function.
In models 1, 2, and 3 the dynamic load models considers periodic change of the arc resistance about the value given for each model. The arc resistance in the case of sinusoidal variation is defined as: 
Purposed Method for Simulate Flicker by EAF
In the models presented, the arc furnace dynamic model is generated by changing R1 (say R1 modulation). Referring to the VIC of arc furnace, the R1 is associated with the low current period of the furnace cycle, though R2 is the period which is the active part of the cycle and more current is passing through the electrodes so more flicker is expected.
If we use R2 modulation to generate the dynamic response of the furnace, more flickers is generated and the results seem to be closer to the real one.
As more power is taken by the furnace in part AB of the VIC, more flickers is expected and using R1 modulation leads us to a less generated flicker case which is not correct. The most flickers are generated when the length of the arc is changing and this period is in part AB in the characteristic. So the dynamic behavior of the furnace can be generated by R2 modulation as:
Simulation Results
To compare the different arc furnace models, a simple arc furnace system is studied in single phase. The system configuration is shown in Fig 7 . Table I . The main reason to choose an appropriate modulation factor is to generate acceptable flicker and at the same time limit the variations in the slop of the V-I characteristics. 
Conclusion
Arc furnace is usually modeled in frequency and time domain. Modeling in frequency domain needs some measurements that in most cases is not provided that is why time domain modeling is more favorable.
In this study, different models for arc furnace in the time domain are reviewed. The modeling is based on V-I characteristic approximation. Four major models for flicker evaluation of arc furnace are studied in this paper.
In the models 1, 2, and 4 arc furnace is modeled as a current controlled voltage source, however, in the model 3 the arc furnace has been modeled as a current controlled nonlinear resistance.
In whole models mathematical relationship for perfect performance cycle is obtained with assumption that V-I curve is symmetric with respect to origin of axis. So all the models only generates odd harmonics. However actual arc furnace generates even harmonics.
Referring to Fig1, the actual V-I characteristic of arc furnace has three parts. In the first period, the arc begins to reignite from extinction. When the arc voltage reaches to the reignition voltage , the equivalent circuit acts as an open circuit. In the second period, the arc is established and the arc the voltage drops from to increase the electrical conductivity of the arc (AB path). During the third part, the arc begins to extinguish. The arc voltage continues to drop smoothly (BO path). Purposed method in this paper, use the active part of the characteristics for arc furnace flicker simulation. This idea implemented for model 1 by the variation of the active arc resistance . Figures 17 and 19 show the V-I characteristic with sinusoidal change in respectively. Comparing the voltage waveform at PCC for modulation by using as the modulation coefficient in simulation (Fig 18, 20) , we can conclude that using R2 modulation to generate the dynamic response of the furnace, generate more flicker and the results seems to be closer to the real one. As more power is taken by the furnace in part AB of the VIC, more flicker is expected and using R1 modulation leads us to a less generated flicker case which is not correct. 
